Data derived from experiments on cadavers have been used to test old methods and to design new methods of estimating cardiac stroke volume from estimations of blood pressure, made both by intra-arterial and standard clinical technics. From the data has been derived a method of estimating stroke volume from pulse pressure, diastolic pressure and age, which has reasonably good accuracy in the cadaver experiments, and which is so simple that it could be easily applied by any physician using the apparatus he now has.
D ATA secured by the first two authors by simulating systole at necropsy" 2 throw light on an old problem, the relation of the blood pressure to the cardiac output. The problem is an important one because measurements of blood pressure, of reasonable accuracy, can be made by any clinician, and if simple methods of estimating cardiac output from these measurements could be devised, and if they proved to be sufficiently accurate, rough estimates of this important aspect of cardiac function would fall within the scope of anyone practicing medicine.
It was with this fact in mind that both central and peripheral blood pressures were recorded in almost all of our later experiments in which systole was simulated in cadavers. In this presentation we propose to explore the relationship between the blood pressure itself and the cardiac output, concentrating our attention on simple methods only; more elaborate methods of estimating cardiac output from the contour of the pulse wave will be treated in a subsequent communication. The details of our technic have already been presented in full.1 2 We have available data on 56 simulated systoles in which blood was used as perfusing fluid, and in which both femoral and aortic pressures were recorded. We now propose to examine these data with two chief purposes in mind. First, they enable us to assess the simple methods of estimating cardiac output from the pulse pressure proposed by other authors in the past; and second, by subjecting these data to the scrutiny of modern mathematical methods, they permit us] to search for different and more accurate ways of making this estimation.
The results have surprised us. A very simple method of estimating cardiac output from pulse pressure, diastolic pressure and age has proved to have, in our data, an accuracy much greater than we expected. PART The idea of Erlanger and Hooker concerning the relation between pulse pressure and stroke volume has been tested using the data of our 46 best experiments in which systole was simulated by injecting blood. The results are shown in figure 1. Obviously the relation is not a very close one, and the use of pulse pressure alone would make but a poor method of estimating cardiac stroke volume. About 25 years later, Liljestrand and Zander4 suggested that mean pressure must be an important factor in the relation between pulse pressure and cardiac stroke volume, and they undertook experiments which enabled them to compare estimates of stroke volume from an equation containing both pulse pressure and mean pressure, with estimates of stroke volume made by the nitrous oxide method of Krogh and Lindhard.
We have applied the Liljestrand and Zander formula to our data and figure 2 permits a comparison of the stroke volume estimated by this means and the actual stroke volumes.
The strong correlation is evident at a glance and the improvement over figure striking; r = 0.70, while the level of significant correlation when p = 0.05 is only 0.28. We are much impressed by the extraordinary similarity of the results secured by Liljestrand and Zander to those we attained 25 years later, using methods of estimating both cardiac output and femoral blood pressure in our cadavers, that were certainly more accurate than the corresponding methods which could be applied to the living subject studied by these authors many years ago.
Another 25 years later, a third simple method of estimating stroke volume from pulse pressure was proposed by Remington and coworkers.5 These authors accepted the conception of Liljestrand and Zander that the absolute height of the blood pressure would influence the relation between stroke volume and pulse pressure, but they used a different method of applying this factor to their calculation. Rather than assuming a ratio, they used experience derived from animal experiments, and comparisons with estimations of cardiac output secured on patients and volunteers by the Fick method with cardiac catheterization, to construct a table by which the expected effect of different pressure levels could be taken into account. Also, in contrast to the two methods previously described, these authors introduced a factor for body size into their equation. Obviously, if all these data are made the basis of the analysis, bias on the part of the authors is eliminated as far as such a thing is possible. On the other hand, as in every long series of difficult and complicated experiments, certain imperfections were encountered which make us prefer some results to others. Thus we are inclined to edit our series before analysing it and our method of doing this will now be presented.
A chief hazard in taking blood pressure through small tubes inserted into the lumen of a blood vessel is that the outlet of the tube will be partly blocked by impinging on the vessel wall. Our safeguard against such an error lies in the agreement of our central and peripheral measurements of diastolic pressure. If the column of blood in the aorta had been still, exact agreement would be expected, but the blood is moving as the pressure falls, so small pressure differences are to be expected. Inspection of the raw data shows that agreement within a few millimeters of mercury is usual. But occasionally the two measurements do not agree so well, and in such a case we have the right to suspect an error in one of the two measurements, though we do not know which is at fault. We propose, therefore, to omit from our calculations the five experiments in which the central and peripheral diastolic pressure measurements differed by 10 mm. Hg or more; these are: R. R. 6, 7, and 15; and J. W. 10 and 14.
Careful study of the records has detected a technical error in two other experiments. After intraarterial pressure has been raised to the desired diastolic level by perfusion from the elevated bottle, this is interrupted by clamping the inflow tube before systole is simulated. This sudden interruption of the inflow produces waves which appear in both blood pressure records and in the ballistocardiogram.
Perfect technic requires that these waves be allowed to subside before systole is simulated. This is easily accomplished as they are usually damped out within a second, but in two experiments, McD. 6 and 7, systole was delivered too soon and the pressure records are confused by after-vibrations from clamping the perfusion inflow. The distortion is certainly 650 r not great, and might be corrected for, but we prefer to discard the experiments. It also seems wise to discard two more experiments. In the first, McD. 5, systole is of such long duration that it is altogether outside the range which seems possible in the clinic. We have more doubt about the validity of omitting the data secured in experiment M. L. 8; this experiment was conducted at shock levels of blood pressure and the syringe reading which checks the cardiac output estimation was missed. But we are not altogether sure that these reasons explain why the point is such a bad one, and perhaps our best reason for omitting it lies in the advice of statisticians not to include in a statistical analysis unique points located far from the body of the data even though the exact cause of the error is not discovered.
By thus editing the data we removed nine experiments, leaving 46 to which no objection could be found. These systoles were conducted under extraordinarily diverse conditions, the stroke volume ranging from 69 to 18 cc., the blood pressure from 236/120 to 43/30, so they cover well the ranges likely to be found in resting subjects in the clinics. Indeed, the wide spread of our data seems ideal, except for a difficulty inherent in our method of investigation and out of our control; subjects available for our experiments are almost without exception in the latter half of life.
However, for readers who might doubt the wisdom of thus editing the data, a large part of our statistical analysis has been performed twice, first on the 56 cases without any omissions, and then on the edited series of 47 with central pressure and 46 with peripheral pressure measurements. We ourselves have greater confidence in the latter results and most of the emphasis will be placed on these in this presentation.
Concerning the Methods
The statistical mathematicians have provided a method, known as multiple correlation analysis, ideal for the mathematical study of data such as ours, when one seeks the best method of estimating stroke volume fromi pulse pressure and other simple measurements. But as we plan to employ these methods in a way seldom, if ever, used before for the solution of a similar medical problem, it seems proper to explain to medical readers some of their advantages and difficulties, if only to acquaint them with the advantages to many types of clinical investigation by technics made possible by the development of the modern electric calculating machines.
It is widely known that, given data of two related items such as pulse pressure and stroke volume as plotted in figure 1 , the equation of the best line can be found by mathematical means, and this equation provides the best method of estimating one from the other, if one is unknown. In these computations the best method is defined as that in which the sum of the squares of the deviations of the estimate from the true value-in this case the difference between actual stroke volume and the estimated stroke volume-is at a minimum. Many best lines of this type have been published in this journal; for example, figure 7 of a previous communication from this laboratory,6 and from the same estimation the error of this method, as defined by the standard deviation, can be readily computed.
For the data given in figure 1 , the equation of the best line would contain only one variable, pulse pressure; but an extension of this same mathematical method permits us to calculate best 'lines" for data containing more variables. Thus one can determine the best method of estimating stroke volume from two items such as pulse pressure and diastolic pressure; the best method of making such an estimate from three items such as pulse pressure, diastolic pressure and age, and so forth; the limiting factor being solely the bulk of the computation. Most unfortunately, while no single item in the calculation of a multiple correlation is more difficult to compute than the corresponding items used in estimating the ordinary correlation coefficient, the bulk of the computation increases with the square of the number of variables. So, even equipped with a modern computing machine, the bulk of the mathematical work envisioned for this investigation far exceeded the capacities of the first two authors, and they sought help first of Dr. Askovitz, and then of Dr. Schild who, both by training and inclination, were more competent to attack it. The great bulk of the computation fell to Dr. Schild, who employed a Friden automatic electric calculating machine.
An elementary discussion of the methods employed to compute the multiple regression equations given in the tables is to be found in Ezekiel's book7; a more advanced and general discussion of these methods and their technics in that of Anderson and Bancroft.8 In essence, the mathematical problem requires the solution of simultaneous equations set up from the data obtained by experiment. The number of the equations varies with the number of variables considered. Thus to compile equation 21, table 2, one must solve five simultaneous equations with five unknowns; the unknowns being the coefficients of pulse pressure, diastolic pressure, age, body size, and pulse wave velocity. These equations were solved by successive elimination of the five unknowns.
To guard against error, each coefficient was computed at least twice, and in case of disagreement, the computation was repeated until agreement was secured. Additional checks were secured by substituting each of the values found back into the original equation to assure ourselves that they were satisfied.
The estimate of sigma was also computed at least twice in each case; if the results failed to agree the calculation was repeated. Additional rough checks were provided by observing the size of the sigmas, which should increase with the omission of one or more variables and should all be less than the sigma of the original stroke volumes found by experiment. Results
The Search for the Best Stroke Volume Method. In 14.1 in all the 56 cases in which blood was used, and so without editing the data. Each of the equations should be thought of as defining a cardiac output method, and they have been arranged in order of their accuracy. Some of them are obviously of little merit and we have placed them in the tables not because we expected them to give good estimates of cardiac output, but because they could be readily computed from the calculations required for the more interesting equations, and they serve to round out our study.
Below the equations given in tables 2, 3 and 4 have been placed the standard deviations of the stroke volumes about their own mean. It is with this value that the standard deviations of the methods given above should be compared, for if any of the proposed methods of estimating stroke volume were altogether without value, its standard deviation would show no improvement over that of the stroke volumes about their own mean. As the standard deviation diminishes, the excellence of the method increases.
Inspection of the results given in table 2 shows many interesting things. The first five equations are of one variable and they all would make poor methods of estimating cardiac stroke volume although it is interesting, and certainly not unexpected, that pulse pressure makes the best single item to employ. The next 10 equations are of two variables; no noteworthy improvement is made before pulse pressure is used, and the best result is secured when pulse pressure and pulse wave velocity are employed. This finding is altogether in accord with generally accepted physiologic conceptions which have been the basis of many attempts to measure stroke volume from pulse pressure and pulse wave velocity.
The next group of three equations, each of three variables, is more interesting, for the results demonstrate that pulse pressure and pulse wave velocity are not the best possible combination. One notes the improvement secured by adding a term for diastolic pressure, as would be expected from the reasoning of Liljestrand and Zander.4 One finds that a factor related to the size of the subject has Units: Stroke volume in cc.; pulse pressure in mm. Hg; diastolic pressure in mm. Hg; age in years; pulse wave velocity in meters per second; body surface area in square meters. little beneficial effect in contrast to the expectation of Remington and coworkers,5 and equally to our own surprise. One also notes that the inclusion of a term for age has a most beneficial effect and again to our surprise, that age is more useful than pulse wave velocity.
The use of 4 and finally of all 5 variables further improves the method until in equation 21, the scatter has been reduced to a point where in two thirds of the estimates the error of estimating cardiac output is less than 7 e6 cc. which stroke volume is estimated from pulse pressure, diastolic pressure, and age, with an accuracy such that in two thirds of the estimates the error would be less than 5.9 cc.
The addition of a term for body size (equation 60) helps not at all, and the further addition of a term for pulse wave velocity (equation 61) helps the scatter only moderately. We therefore regard the cardiac output method indicated by equation 59 as the most interesting of the many indicated by our regression equations. Naturally we have wondered whether such a formula could be further improved. For example, in our use of the method of multiple regression analysis, we have assumed that the best line is linear. Inspection of dot diagrams such as figure 4 does not suggest that curved regressions would improve the scatter appreciably so we have not explored this aspect further.
Those with physiologic interest will properly ask whether the diastolic pressure is the best measure of arterial distention, and inquire for our reasons for preferring it to the mean pressure. Indeed, reasons might be cited for adding various fractions of the pulse pressure to the diastolic pressure in a search for the best measurement of the distention of the arterial system. Dr. Askovitz and Dr. Schild saw the means of investigating this question by mathematical methods. When various fractions of pulse pressure are added to diastolic pressure and then correlated with pulse pressure and age, although the equations of the best lines differ, the scatter around these best lines remains identical. Indeed, Dr. Schild produced proof that this similarity of scatter was a mathematical necessity. Three of these equations are given in table 5 and from our data we cannot call one better than another for the estimation of stroke volume.
Tests of the Method on other Data. We had available for the further testing of our group of cardiac output methods a large number of results in which water was used instead of blood to simulate systole, the experiments by which our final technic had been worked up. But we turned to these results with some hesitation because we fully expected that the dynamic pressure-volume relationship, on which the estimation of cardiac output from blood pressure depends, would be different when a fluid of much lower viscosity was used. We expected that, since a viscous solution is harder to force through a tube, the injection of a given amount of blood would cause higher rises of pressure in the compression chamber than if the same amount of water had been injected. According to this reasoning, the cardiac stroke volume formulas in tables 2, 3, and 4 derived from experiments in which blood was employed, should give low results when tested against the data of experiments in which water was used to simulate systole; this is indeed what we find.
A second defect in these experiments tended to produce an error which we judged would be small except when severe hypertension was induced. When water was used, in order to maintain a "normal" diastolic pressure at the instant of "systole," it was necessary to allow the femoral perfusion to continue during "systole." Thus during "systole" the aorta received fluid not only from the heart but also from the femoral perfusion and so the "cardiac output," as measured from the syringe, underestimated the volume the compression chamber actually received. Rough calculation indicates that this error would be a small one except during high hypertension when fluid was being forced into the femoral artery under pressure. Knowledge of this error was a factor in our decision to omit the data from systoles conducted at unusually high hypertensions, and this error is doubtless a factor in the mean difference between our estimate of stroke volume based on the data secured with blood as perfusion fluid and the actual stroke volume measured in the syringes. Also, differences in the rate of this femoral perfusion, varying with the many different pressures at which the systoles were conducted, would increase the scatter of the results.
But, despite such drawbacks, the advantage accruing to exact knowledge of the size of the stroke volume seemed so great that we have not hesitated to proceed with the analysis of the experiments in which water was employed. To avoid the many errors which might be expected to crop up before we had perfected the difficult experimental technic, it seemed wise to confine our attention to the 69 consecutive systoles secured in the last seven cadavers perfused with water, for, by the time these experiments were performed, our technique had been both stabilized and perfected, and, although there was still occasional difficulty in securing satisfactory ballistocardiograms, we felt that we had mastered the experiments as far as pressure measurements were concerned.
But other difficulties had not yet been completely mastered; indeed throughout the long experience of simulating systole in cadavers using water as perfusion fluid, we had much greater difficulty getting results within the pressure ranges found in th3 clinic than after we had mastered the technic of using blood.
So we found good reason to reject the data of 19 of these 69 systoles. In 16 the pulse pressure was excessive, ranging from 105 mm. Hg to 225 mm. Hg; and in two, hypertension was extreme, diastolic pressure being over 150 mm. Hg in both. Results from one other systole were rejected because the readings of the cardiac output failed to check. This left us with a sample of 50 systoles whose stroke volumes ranged from 8 to 71 cc., and the peripheral blood pressures from 233/132 to 83/33; so this sample provided ample coverage of the range of values ordinarily found in the clinic in patients at rest. The ages of these subjects ranged from 47 to 77 years.
The clinical and necropsy findings in one of these subjects, P. L., aged 47 and with minimal changes in his aorta, have already been described' as he was perfused with blood as well as with water. The pertinent findings in the others were as follows: (removed) . Necropsy diagnosis: arteriosclerotic aneurysm middle cerebral artery, cerebral hemorrhage, pulmonary edema. The aorta was very atheromatous everywhere but the lower half was also ulcerated and calcified. There were also patches of atheroma in the coronary artery and also in the femoral and iliac arteries. Aortic diameter above the heart was 2.4 cm. Subject 22. Jan. 14, 1952 hemisphere, aneurysm in region of cavernous sinus. Considerable atheromatous material was present in the aorta just above the aortic valve, other atheromatous plaques were seen throughout the aorta. Aortic diameter above heart was 2.5 cm.
Comparison between estimates of stroke volume made by formula 59 and the actual stroke volumes are shown in figure 5 ; as was expected, this formula gives low results when water instead of blood is injected, the average error being -5.9 cc. The standard deviation about this mean difference is 9.3 cc.; so, even after correction for the mean difference, the method has a larger scatter than when it is applied to our data secured with blood as perfusing fluid. But the basic relationship is clearly seen in figure 5 and the method suffices well to distinguish the extremes of cardiac output from the more usual, and so more normal, values. These results, therefore, encouraged us to expect that the method would be useful in the clinic.
A Stroke Volume Formula Adapted to the Standard Procedure for Taking Blood Pressure, Based on the Riva Rocci Method. While arterial puncture is a common procedure, and manometers of great merit are usually available in University Hospitals, the ordinary physician will continue to depend on the standard auscultatory methods of taking blood pressure, and certainly the utility of our formulas would be greatly enhanced if they were adapted to this method. With this in mind we searched the literature without finding data which exactly filled our need. Indeed, we would like to encourage other laboratories to make this adaptation from the run of their own data. We proceeded as follows.
The data of Kotte and associates12 contain a small series of comparisons between blood pressure estimates made both by the auscultatory method applied to the arm and by puncture of the femoral artery. Unfortunately in their data many of the results secured by the auscultatory method are given as the limits of the range of values and this does not lend itself to statistical analysis. It also seems clear that the present auscultatory technic designed for the arm, when applied to the thigh yields such erroneous results that we were not encouraged to design a cardiac output method based on such measurements. It seemed wise, therefore, to base our proposed method on auscultatory estimations of blood pressure made in the usual manner on the arm. For this purpose three series of data were available for comparing auscultatory and intraarterial estimates of blood pressure made on the arm, but we decided against employing those of Roberts and co-workers'3 because of the narrow range of the age of these subjects, all of whom were over 70 years of age.
Needless to say, the application of these data to our results must be based on the assumption that intra-arterial brachial and ES1'IMAED ' ' 8.STROKE VOLUME CC. Relation of stroke volume, estimated from blood pressure and age by regression equation number 59, to actual stroke volume injected. This diagram has been set up by using the edited data from seven subjects perfused with water. femoral pressures are so similar that a correction is unnecessary. There is considerable evidence on this point. The old clinical conception that femoral pressures are much higher is clearly based on an error, the greater thickness of the thigh causing erroneously high results when the auscultatory method is applied to the thigh using cuffs of a width usually employed on the arm. Intra-arterial measurements of brachial and femoral pressures have been compared in only a few cases.
Steele,'4 without reporting his data in detail, states that these pressures differed but little, diastolic pressures being roughly the same while femoral systolic pressures were slightly higher. In the data of Kotte," secured in nine persons with hypertension and nine with normal blood pressure, the average brachial pressure was 152/85, the average femoral 158/81. Obviously, diastolic pressures in the brachial and femoral arteries agree closely, and we do not have sufficient data to make it worth while to estimate the small correction for the slightly higher average femoral systolic pressure suggested by the few available results. Therefore, while it seemed that. no great error would be introduced by using for our purposes measurements made on the arm without attempting to correct them, the trend of the data available suggests that the average estimate of stroke volume would be a little low. Accordingly, from these data Dr. Schild calculated regression equations as follows:
Systolic pressure (intra-arterial) = 6.08 + 1.04 systolic pressure (auscultatory) (65) and for this regression a = 10.3 mm. Hg Diastolic pressure (intra-arterial) = 4.86 + 0.83 diastolic pressure (auscultatory) (66) and for this a = 7.7 mm. Hg Pulse pressure (intra-arterial) = 8.56 + 1.01 pulse pressure (auscultatory) (67) and for this a = 10.9 mm. Hg By these equations the pressure measurements secured by the auscultatory method can be substituted into equation 59, and after simplification we have: Stroke volume (cc.) = 93 + 0.54 pulse pressure (mm. Hg auscultatory) 0.47 diastolic pressure (mm. Hg auscultatory) 0.61 age (years) (68) This represents the way the stroke volume should be estimated from systolic and diastolic pressure secured by the standard auscultatory method using an inflatable cuff 13 cm. broad and taking the beginning of the muffling of sounds as the indicator of diastolic pressure.
However, inspection of the results both of
Ragan and Bordley5 and of Steele'4 suggests that the end of the fade-out might be a better measure of diastolic pressure, and indeed this point of view has been adopted by the American Heart Association.16 In the calculation leading to equation 68 this error is automatically corrected for, but it seemed worthwhile to study data where the position of the end of the fade-out of sounds was recorded.
From the data of Steele, Dr. Schild could derive regression equations relating diastolic pressure measurements made by the intraarterial and by the auscultatory techniques using the disappearance of the sounds as the criterion. Accordingly from this data we have: for all 98 intra-arterial observations of the Ragan and Bordley data'4 by the use of equation 59, the plus or minus signs being chosen in such a way as to make any error on the large side. In this way it was found that for equation 68, the standard deviation is calculated to be at most 10.0 cc., for equation 71, at most 9.5 cc. Therefore, we predict that by substituting values secured by the standard blood pressure procedure, using the muffling of sounds as criterion of diastolic pressure, into equation 68, the stroke volume would be estimated with an accuracy such that in two thirds of the estimates, the error would certainly not be greater than 10 cc. Making a similar calculation on the Steele data13 we find that by using the disappearance of sounds to estimate diastolic pressure one would do a little better, the corresponding figure being 9.5 cc.
But in practice, one should expect to do better than this. The great advantage of a simple method lies in the ease of making multiple estimations, for the use of the mean of several estimates greatly increases the accuracy of any method. Thus, it is certainly not too much to ask any doctor employing the method to take five estimations of blood pressure and insert the average of these values into equation 68 and so reduce the error of this estimate towards the limiting value, 5.9 cc., the a of equation 59.
The mean estimate of stroke volume in the Ragan and Bordley data14 by our formula number 68 was 64 cc. Therefore, the coefficient of variation would be 10/64 = 15.6 per cent without allowing for the improvement to be secured from multiple estimations; these figures permit comparison with the accuracy of other cardiac methods.
Discussion
It seems evident, therefore, that we have derived a simple method of estimating cardiac output from measurements of blood pressure that could be made by any physician. While no claims of high accuracy should be made for it, it seems to be of an accuracy great enough to be of use in the clinic. That it should be as accurate as it is in the cadaver preparations came to us as a surprise, and because the method is based, not on a theory, but on a demonstration made by a new approach to the problem, it has led to changes in our theoretic view concerning the pressure-flow relationships in the circulation.
The theory relating these two in the past has been derived from an analogy with the compression chamber of the old hand pumped organ, the "wind-kessel" theory. This conception was introduced into physiology many years ago to explain the steady flow from the peripheral arteries despite the intermittent pumping of the heart, and this it explains in most satisfactory fashion. Perhaps it was from this analogy also that the idea was derived that the energy of the heart went chiefly to distending the compression chamber, for the simple equation for cardiac work given in text books'7' 18 is: Work = QR ± -2 when Q = the volume of systolic discharge, R the resistance or mean arterial pressure, M the mass of injected blood and V the average velocity.
We may visualize this view as follows; let us consider an injection of fluid from a syringe into a partly distended rubber balloon. One notes that in such a situation the energy of the injection is altogether converted into potential energy in the chamber, that the first term of the work equation is large in comparison with the second, and that in the second term of the work equation, the mass involved would be solely that expelled from the syringe, as is postulated in the equation for cardiac work given above. Under such conditions one easily sees that the larger the balloon, or the thinner the rubber of its walls, the less the energy required to inject a given amount of fluid into it in a given time, and the less the pressure in the balloon would rise after such an injection. In such cases the size of the pressure chamber and its distensibility are determining factors in the pressure-flow relationship.
But this is a special and extreme case. Let us, therefore, consider the opposite extreme and visualize what would happen if one injected from a syringe into a rigid tube filled with fluid, a situation in which none of the energy is converted into potential energy. This is the situation familiar to engineers, and pressure-flow relationships, under conditions of steady flow in rigid tubes, are extensively treated in textbooks of hydraulics. Under such circumstances factors for distensibility of the tube do not enter, but the longer the tube, the greater the mass of fluid which must be accelerated when the syringe is emptied into it, and so the greater the energy required to inject a given volume in a given time. When fluid is injected into a rigid tube the first term of the work equation given above becomes relatively small in respect to the second term, and in this second term the mass to be considered, M, greatly exceeds the mass injected as velocity is immediately imparted to all the fluid in the tube.
We visualize the situation in the body as lying between these two extremes, and unhappily, the kinetics of a pulsating stream flowing down a slightly distensible vessel are so complex that visualization in simple terms is impossible. This was indeed a main reason for our decision to attack the problem by an experiment rather than by attempting mathematical analysis.
Indeed, the same difficulty is frequently encountered by mechanical engineers working with complex systems of rigid tubes, who, finding the usual formulas inadequate for their needs, are driven to direct experiment. The situation in the body is far more complex than in any system of rigid tubes, and among the features to be considered are: (1) the pulsatile nature of the flow, far from the smooth stream lines of flow to which the ordinary equations apply; (2) the distensibility of the vessels, a very difficult feature to handle mathematically; (3) the changing caliber of the vascular bed which brings up special problems, and (4) the diverse nature of the angulation and diameter of the branching vessels, which can be expected to have effects almost impossible to predict. No workable equation combining these four items has ever been presented, and this seems sufficient explanation of the reason why an interpretation of the pressure-flow relationship indicated by our results, in terms so simple that it would be readily understood by any physician, is impossible for us.
Age is an item of considerable magnitude in our important equations and this finding might be interpreted as an effect of increasing size of the aorta, of decreasing distensibility of vessel walls, of increasing resistance due to tortuosity and of roughening of the lining; or of all together, as all may occur as age advances. One has the right to question the implication inherent in our formulas that the effect of age is a linear function especially since the amount of arteriosclerosis, as judged by the gross appearance of the vessels at necropsy, may be so different in persons of similar age.
On the other hand, the pathologist concentrates his attention on lesions; many of these are superficial and they usually occupy only a small fraction of the large vascular surface thought of as belonging to the compression chamber. Nevertheless, while it seems that the use of a linear function of age in our equation nust give, at best, only a rough approximation of the physiologic state, it is clearly demonstrated that the use of this item considerably reduces the error of our estimates.
After allowance has been made for age, the small effect of pulse wave velocity on the pressure-flow relationship is a finding that took us completely by surprise. In our experinents the pulse wave velocity of single subjects has varied very widely, in one subject from 3.3 to 9.1, in another from 6.1 to 11.1 M per second. Therefore, one cannot take the position that the inclusion of the item for age substitutes for that of pulse wave velocity as a measurement of elasticity of the compression chamber, and so makes the latter less necessary, although it is well known that this velocity tends to increase with age.
Also, although pulse-wave velocity varies with changes in blood pressure in the experi-ments on single subjects, one cannot think of diastolic pressure as a substitute for pulse wave velocity throughout our data. For example, in systole 11 on subject M. L., aged 43, and in systole 5 on R. R., aged 74, the diastolic pressures were identical, but the pulse wave velocities were widely different in the two subjects.
It is the combination of the effects of age and pressure in our equations which makes the further effect of pulse wave velocity so small. But the point of theoretic interest lies in the fact that equation 59, including items for pulse pressure, diastolic pressure and age, yields a much better method than equation 55 which is concerned with pulse pressure and pulse wave velocity. So age and diastolic pressure cannot be thought of as substituting for pulse wave velocity, by using them we do better than by using pulse wave velocity.
Therefore, it seems best to interpret these findings as opposed to the compression chamber theory as it is usually understood. So we have been led to the conclusion that of the two analogies, that of the syringe and the tube is closer to the situation present in the body than has been generally supposed. Indeed, the old analogy between circulation and the organ pumping system is a very poor one. The senior author is old enough to remember such hand pumped organs; the man worked the pump handle slowly; the contained air was itself compressible; it had little mass and was given little acceleration; and its flow encountered a minimum of friction. How different from forcing a viscous incompressible fluid through a tube which stretches only with difficulty, by a force delivered discontinuously and in quick jerks. The compression chamber theory is a static conception, the situation of the body a highly dynamic one. What wonder that expectation based on the former has not been met by direct experiments.
The mathematics involved in the exact analysis of the pressure-flow relationships in pulsatile flow through nonrigid tubes are so complex that it does not seem worthwhile to attack the subject from this point of view, and indeed, it might not be possible. We have attempted to cut the Gordian knot by an experiment the conditions of which seem almost identical with those existing during life.
The success of our method of measuring flow from pressure without factors for body size or pulse-wave velocity, leads us to view the pressure-flow relationship as being far more direct than we had expected. It leads us to a view akin to that of Peterson,1' that the blood pressure and its changes are related chiefly to the energy needed to accelerate the columns of blood within the vessels and to overcome friction within and at the edge of the moving blood streams. By such a change in viewpoint one can account for the facts developed in the cadaver experiments, facts which lead to the hope that a rough estimate of cardiac output can be made in the clinic far more simply than we had previously believed to be possible. SUMMARY Data secured when systole was simulated by injections of blood into the aorta and pulmomary artery of cadavers at necropsy, after giving them a "diastolic pressure" by femoral perfusion, have been analyzed with two purposes in mind.
First, the methods of estimating stroke volume from pulse pressure, suggested by other authors in the past, have been assessed.
This resulted in unusually good confirmation of the data and claims of Liljestrand and Zander.4 The other suggested methods were less accurate when tested against our data.
Second, we sought to improve these methods by subjecting our data to analysis by modern mathematical technics yielding multiple regression equations. We thus estimated "lines" of best fit relating stroke volume to such items as pulse pressure, diastolic pressure, age, body surface area, and pulse wave velocity, both singly and in combination, the resulting regression equations defining both the best way of using such data to estimate stroke volume and the error of the method.
The most interesting method discovered utilized femoral blood pressures secured by arterial puncture (equation 59). It was as follows:
Stroke volume (cc.) = 90.97 + O.54 pulse pressure (mm. Hg) -0.57 diastolic pressure (mm. Hg) -0.61 age (years)
The accuracy of this equation in our data was such that in two thirds of the estimates the error was less than 5.9 cc. The addition of factors for body size to this equation improved the method not at all; the addition of pulse wave velocity improved the scatter only a little.
The accuracy of the method was tested against data from 50 simulated systoles in seven other cadavers perfused with water in an early part of our work. As was expected from the differences in viscosity between water and blood, equation 59 underestimated the stroke volume when water was injected. But, after correction for the mean difference, the error of two thirds of the estimates was less than 9.3 cc.
By means of the data from Ragan and Bordley,'5 and because of evidence that intraarterial femoral and brachial pressures are very closely related, equation 59 has been corrected for use with the standard auscultatory technic of estimating blood pressure, when the point of muffling of sounds is used to indicate diastolic pressure, becoming (equation 68) Stroke volume (cc.) = 93 + 0.54 pulse pressure (auscultatory, mm. Hg) -0.47 diastolic pressure (auscultatory, mm. Hg) -0.61 age (years)
When the disappearance of sounds is used to indicate diastolic pressure this equation is altered, becoming, after rounding out (equation 72) Stroke volume (cc.) = 100 + 0.5 pulse pressure (auscultatory, mm. Hg) -0.6 diastolic pressure (auscultatory, mm. Hg) -0.6 age (years) The error of this adapted method is estimated to be such that in two thirds of the estimates the error would be less than 10 cc. However, the method is now so simple that multiple estimates are possible; thus, if one used the averages of multiple estimates of blood pressure, the scatter due to random fluctuations would diminish towards a value such that in two thirds of the estimates the error would be less than 5.9 cc.
The new method is so simple that it permits a rough estimate of stroke volume by any doctor practicing medicine with the apparatus and technics he already has. It possesses advantages over the elaborate cardiac output methods in common use that are not limited to a saving of time and expense, for, by avoiding the excitement inherent in elaborate, prolonged and uncomfortable techniques, errors due to emotional disturbance of the subjects' circulation would be in large measure avoided.
SUMARTO ESPAEOL Datos obtenidos cuando sistole fu6 simulado por medio de inyecciones de sangre en la aorta y la arteria pulmonar de cadaveres durante la necropsia, luego de hab6rsele suplido una "presi6n diast6lica" mediante perfusi6n femoral, han sido analizados con dos propdsitos en mente.
Primeramente, los m6todos para estimar el volumen de pulsacion de la presi6n de pulso, sugeridos por autores en el pasado, han sido evaluados. Esto result6 en una confirmaci6n excepcional de los datos reclamados por Liljestrand y Sander.
Secundariamente, nosotros tratamos de mejorar estos m6todos sometiendo nuestros datos a un analisis por medio de t6cnicas matematicas modernas producentes de multiples equaciones retr6gradas. Asf nosotros estimamos las lineas que mejor emparejaban relacionando el volumen de pulsaci6n a otros items como la presi6n de pulso, presi6n diast6lica, edad, area de la superficie del cuerpo, y velocidad de la onda del pulso, sencillamente o en combinaci6n, las resultantes equaciones retr6gradas definiendo ambos la mejor manera de usar estos datos en el estimado del volumen de pulsaci6n y el error del m~todo. El m6todo mas interesante descubierto utilizaba presiones femorales obtenidas mediante punci6n arterial (equaci6n 59). Era como sigue Volumen de pulsacion (cc.) -90.97 + 0.54 presi6n de pulso (mm. Hg.) -0.57 presi6n diastolica (mm. Hg) -0.61 edad (anos) La precisi6n de esta equacidn en nuestros datos fu6 tal que en dos terceras partes de los estimados el error fu6 menos de 5.9 cc. La suma de factores para tamafio del cuerpo a esta equaci6n no mejor6 el m~todo en nada; la suma de la velocidad de la onda del pulso mejor6 el esparcir solamente un poco. La precision del metodo se comput6 en contra de datos de 50 sistoles simulados en siete otros cadaveres perfusados con agua en los comienzos de nuestro trabajo. Como era de esperarse de las diferencias en viscosidad entre agua y sangre, la equaci6n 59 ha sido corregida para uso con la t6cnica auscultatoria ordinaria para estimar la presi6n arterial, cuando el momento en que se apagan los ruidos es usado para indicar la presi6n diast6lica, convirti~ndose en (equaci6n 68) Volumen de pulsacion (cc.) = 93 + 0.54 presi6n de pulso (auscultatoria, mm. Hg) -0.47 presi6n diast61ica (auscultatoria, mm. Hg) -0.61 edad (afos) El error en este metodo adoptado es estimado ser tal que en dos terceras partes de los estimados el error seria menos de 10 cc. Sinembargo, el m6todo ahora es tan sencillo que estimados multiples son posibles; de manera, que si uno usara el promedio de multiples estimados de presi6n arterial, el esparcir debido a fluctuaciones casuales disminuirla hacia un valor de manera que en dos terceras partes de los estimados el error seria menos de 5.9 cc.
El nuevo m6todo es tan sencillo que permite un estimado tosco del volumen de pulsaci6n por cualquier medico practicando medicina con los aparatos y tecnicas que ya el tiene. Posee ventajas sobre los mdtodos elaborados de produccion total cardfaca en uso comuin que no estan limitados a economizar tiempo y gastos, evitando la excitacion inherente en tecnicas elaboradas, prolongadas e incomodas, errores debidos a disturbios emocionales de la circulacion de los sujetos podrian en gran parte ser evitados.
